M dwarfs are prime targets in the hunt for habitable worlds around other stars. This is due to their abundance as well as their small radii and low masses and temperatures, which facilitate the detection of temperate, rocky planets in orbit around them. However, the fundamental properties of M dwarfs are difficult to constrain, often limiting our ability to characterise the planets they host. Here we test several theoretical relationships for M dwarfs by measuring 23 high precision, model-independent masses and radii for M dwarfs in binaries with white dwarfs. We find a large scatter in the radii of these low-mass stars, with 25 per cent having radii consistent with theoretical models while the rest are up to 12 per cent over-inflated. This scatter is seen in both partially-and fully-convective M dwarfs. No clear trend is seen between the over-inflation and age or metallicity, but there are indications that the radii of slowly rotating M dwarfs are more consistent with predictions, albeit with a similar amount of scatter in the measurements compared to more rapidly rotating M dwarfs. The sample of M dwarfs in close binaries with white dwarfs appears indistinguishable from other M dwarf samples, implying that common envelope evolution has a negligible impact on their structure. We conclude that theoretical and empirical mass-radius relationships lack the precision and accuracy required to measure the fundamental parameters of M dwarfs well enough to determine the internal structure and bulk composition of the planets they host.
TESS will survey the brightest and closest M-dwarfs for transiting planets (Ricker et al. 2015) , substantially increasing the number of known exoplanets orbiting low-mass stars (Ballard 2018) . The identification of several temperate Earth-sized planets orbiting low-mass stars (Dittmann et al. 2017a; Gillon et al. 2016 Gillon et al. , 2017 , combined with the fact that M-dwarfs are the most numerous stars in the Milky Way, has led to considerable interest in the habitability of these worlds (Seager 2013; Wandel 2018; Kopparapu et al. 2017) .
A fundamental limitation in the characterisation of exoplanets is that the derived bulk parameters, including masses, radii, and densities, require accurate knowledge of the planet host properties. Accurate planet radii and masses (which require accurate stellar radii and masses) are required to gauge insight into their internal structure and bulk composition. Valencia et al. (2007) argued that planet radius measurements to better than 5% and mass measurements to better than 10% are necessary to distinguish between rocky and icy bulk composition, and even then, details of the interior composition are model-dependent (Rogers & Seager 2010; Dorn et al. 2015) .
It has been well established that the measured radii of low-mass stars (<0.6 M ⊙ ) are larger than predicted by evolutionary models, by up to 10-20 per cent (López- Morales & Ribas 2005) . This is thought to be caused by the fact that virtually all precise mass-radius measurements of low-mass stars come from stars in close binaries 1 . These stars are tidally locked and are hence rapid rotators and magnetically active. This activity is thought to lead to a cooler and larger star ) and can therefore explain the over-inflation, an idea supported by the fact that the interferometrically-measured radii of isolated, inactive low-mass stars appear more consistent with evolutionary models (Demory et al. 2009 ). Magnetic activity can also explain the 14 per cent larger radii of young low-mass stars in the Pleiades cluster (Jackson et al. 2018) . However, the reality is more complicated than this, as there are several relatively inactive nearby low-mass stars with interferometric radii more than 15 per cent too large (Berger et al. 2006) and there are stars in long period, slowly rotating binaries that are also oversized (Doyle et al. 2011; Irwin et al. 2011) . Conversely, there are rapidly rotating low-mass stars in close binaries that have radii consistent with evolutionary models (Blake et al. 2008) , and some binaries where one component has a consistent radius and its companion is oversized (Kraus et al. 2017) , implying that there are a number of different factors that affect the over-inflation beyond enhanced magnetic activity. Recent work from Kesseli et al. (2018) also shows that neither rotation nor binarity is responsible for the inflated radii of low-mass stars.
The number of precisely characterised low-mass stars is still low, due mainly to their faintness. Pairs of eclipsing low-mass stars are still the benchmark systems for such measurements (López-Morales 2007) , but few are known and fewer still are bright enough to be studied at high precision. Moreover, the effects of starspots on both stars makes modeling their light curves complex. Low-mass stars in eclipsing binaries with more massive solar-type stars are more numerous and brighter, but the large brightness contrast between the two stars often means that the M star is essentially undetectable spectroscopically, meaning that not only are these single-lined binaries (making them less ideal for testing evolutionary models), but precise temperature measurements for the M star are extremely challenging. Interferometric studies of isolated low-mass stars can yield very precise radii, but lack the mass precision provided by binary systems and are limited to a few nearby bright stars.
One type of system that is often overlooked is low-mass stars in detached eclipsing binaries with white dwarfs. More than 3000 white dwarf plus main-sequence star binaries are known (Rebassa-Mansergas et al. 2016a; Ren et al. 2018) , including more than 70 eclipsing systems (Parsons et al. 2015) . The small size of the white dwarf (roughly Earth sized) results in very sharp eclipse features that can be used to measure radii to very high precisions (1-2 per cent in the best cases, e.g. Parsons et al. 2010) . Moreover, in most cases both the white dwarf and low-mass star are visible in optical spectra, making these double-lined binaries. Low-mass stars are roughly 10 times larger than white dwarfs, meaning that the eclipse of the white dwarf is total and a clean spectrum of the low-mass star can be obtained without contamination from the white dwarf. Finally, the cooling of white dwarfs is well understood, making them ideal objects for constraining the ages of their low-mass stellar companions.
It should be noted that these systems have experienced a brief common envelope phase in their past evolution, when the progenitor star of the white dwarf evolved off the main-sequence. During the common envelope phase (or rather shortly prior to it) mass was transferred to the low-mass star. However, this phase is extremely short (10 3 − 10 4 years) compared to the thermal timescale of a low-mass star (10 8 − 10 9 years) and so has a negligible effect on the star. The common envelope itself possesses much higher specific entropy than the surface of the M dwarf, meaning that the star is thermally isolated from the common envelope and hence essentially no accretion takes place (Hjellming & Taam 1991) .
In this paper we present 16 high precision mass and radius measurements for M dwarfs in eclipsing binaries with white dwarfs. Along with another 7 previously studied systems we also determine the effective temperatures, metallicities and ages of these stars and compare these to the predictions of evolutionary models.
OBSERVATIONS AND THEIR REDUCTION
High cadence eclipse light curves for all our targets were obtained with the high-speed frame-transfer cameras ULTRA-CAM (Dhillon et al. 2007 ) on the 8.2m VLT and 3.5m NTT in Chile and 4.2m WHT on La Palma and ULTRASPEC (Dhillon et al. 2014 ) on the 2.4m TNT in Thailand. Intermediate resolution optical and near-infrared spectroscopy was obtained using the X-shooter spectrograph (Vernet et al. 2011 ) on the VLT, including observations of several M dwarf Figure 1 . X-shooter VIS arm spectra of the M dwarfs in our binaries ordered from least massive (bottom-left) to most massive (topright). These spectra were all obtained during the eclipse of the white dwarf and so only the M dwarf component is visible. The spectra have been binned by a factor of 10 for clarity. We do not plot the very noisy in-eclipse spectra of CSS 09704, SDSS J1329+1230 or SDSS J2235+1428.
spectral standard stars, which are detailed in Table 1 . All of these observations and their reductions are detailed in Parsons et al. (2017) . In addition to these data we also obtained a single X-shooter spectrum of the system RR Cae on 30 August 2017. This was reduced in an identical manner to the other X-shooter data. We plot the X-shooter VIS arm spectra taken during the eclipse of the white dwarf (i.e. of the M dwarf component only) in Figure 1 .
STELLAR PARAMETERS

Masses and radii
A detailed account of how we measured the masses and radii of each star in all our binaries is given in Parsons et al. (2017) . In brief, radial velocity semi-amplitudes were measured from our spectra and combined with fits to the eclipse light curves (see Figure 2) . However, fits to the white dwarf eclipse alone are degenerate (they only give the relationship between the two radii as a function of inclination) and an additional piece of information is required to determine the inclination and hence solve for the physical parameters. This additional information could be: 1) the rotational broadening of the M star, 2) the gravitational redshift of the white dwarf or, 3) the depth of the secondary eclipse (the transit of the white dwarf in front of the M star). Generally, each system requires a different technique and we refer readers to Parsons et al. (2017) for details of how each individual system was solved. The masses and radii of the M dwarfs in our sample are listed in Table 2 and shown in Figure 3 . Note that many of these M stars are tidally distorted by their white dwarf companions, therefore, the quoted radii are the volume averaged radii of the stars, which is most closely representative of the radii the stars would have if they were isolated.
Spectral types
The spectral types of the M dwarfs in our sample were determined using template fitting. We observed a number of spectral type template stars with X-shooter using an identical instrumental setup to our main science observations. These template stars are detailed in Table 1 . We used the spectra of our targets taken during the eclipse of the white dwarf and fitted the K i 7699Å, Na i 8183/8194Å and K i 1.252 µm lines with each template spectrum. We artificially broadened the lines of the template spectra to fit the observed lines, taking into account any additional smearing of Figure 2 . Light curves of the eclipse of the white dwarf in our binaries with model fits overplotted in red. Light curves are ordered from the least massive (bottom) to most massive (top) M star and are offset vertically by 1.5. The light curves shown are in the g ′ band or the KG5 band (for WD 1333+005, SDSS J1307+2156, SDSS J1123−1155, CSS 21357 and SDSS J1028+0931). The KG5 filter is a broad band (u ′ + g ′ + r ′ ) filter, see Hardy et al. (2017) for details. the lines from the velocity shift during the exposure (see Marsh et al. 1994 , for details of this method). We applied a high-pass filter to both the observed and broadened template spectra before comparing them in order to prevent the continuum dominating the fit. The best fit template then yields both the rotational broadening of the M star as well as its spectral type.
In five cases the in-eclipse spectrum of the M dwarf was very poor and the template fitting technique was not possible. In these cases we constrained the spectral type of the M star using its r − i colour measured from the eclipse light curves and the relations of West et al. (2005) . The spectral types of all our M dwarfs are listed in Table 2 . 
Effective temperatures
Effective temperatures were determined by comparing our in-eclipse M dwarf spectra with a library of synthetic spectra. We used the BT-Settl model spectra from Allard et al. (2013) , which are suitable for the low temperatures of M dwarfs. The surface gravity was fixed to the nearest model based on the measured mass and radius (either log g = 4.5 or 5.0). The metallicity was fixed at solar ([Fe/H]= 0) which is the closest model value to our measured metallicities (see Section 3.4), and no α-element enhancement. We then used a grid of temperatures from 2300 to 4500 K in steps of 100 K. Each model was first degraded to match the resolution of our X-shooter spectra and then rotationally broadened based on the measured v sin i values. Models were compared over the X-shooter VIS arm wavelengths (5600-10000Å) excluding the region around the Hα line (6500-6650Å); note that our spectra were corrected for telluric features (using observations of telluric standard stars taken shortly before or after our science spectra). For each object the best-fitting model was determined via χ 2 minimization (see Table 2 for the results).
In the case of objects with poor signal-to-noise ratio spectra the effective temperature was instead determined by fitting the observed spectral energy distribution (SED) of the binary. A model white dwarf spectrum was first removed from the SED based on the fitted white dwarf parameters (see Parsons et al. 2017 for the white dwarf parameters), then the SED was fitted using the virtual observatory SED analyzer (VOSA, Bayo et al. 2008) . These values are also listed in Table 2 and generally have a larger uncertainty than the spectral fits.
We also applied these fits to all of the previously published objects listed in Table 2 using the data presented in those studies.
Metallicities
Metallicities of M dwarfs are notoriously difficult to measure and generally rely on empirical relations derived from M dwarfs in binaries with higher mass F, G and K stars. To measure the metallicities of our stars we used the semi-empirical method outlined in Newton et al. (2014) , Figure 3 . Constraints on the masses and radii (volume averaged) of the M dwarfs in all our systems, shown as contours (68 and 95 percentile regions). Red lines show the Baraffe et al. (2015) theoretical mass-radius relationship using the model with the closest match in age. Green lines show the Dotter et al. (2008) relationship with matching ages and metallicities (solar metallicity is used when we have no constraints). All plots are on the same scale and centred on the mean mass-radius value for each M dwarf and run from most massive (top-left) to least massive (bottom-right). Table 2 . M dwarf mass-radius measurements obtained from detached, eclipsing binaries with white dwarfs. All temperature, metallicity and age measurements are from this paper. π is the Gaia DR2 parallax. Effective temperatures indicated with a † symbol were determined from SED fitting rather than fitting with synthetic spectra. Spectral types indicated with a * symbol were determined from the ineclipse r − i colour instead of template fitting. References for the other measurements are given in the final column: (1) This paper, (2) Parsons et al. (2016) , (3) Parsons et al. (2012b) , (4) Pyrzas et al. (2012) , (5) Parsons et al. (2012c) , (6) Parsons et al. (2010) , (7) Parsons et al. (2012a) . which relies solely on the equivalent width of the Na i 2.205/2.209 µm absorption doublet, which is covered in our X-shooter data. This method has been shown to give [Fe/H] values to (at best) a precision of up to 0.12 dex for M1-M5 dwarfs. It has yielded reliable metallicities in other white dwarf plus M dwarf binaries using similar X-shooter data (Rebassa-Mansergas et al. 2016b ). Our measured [Fe/H] values are detailed in Table 2 for those M dwarfs with spectral types between M1 and M5. In several cases the quality of the near-infrared spectrum was insufficient to give reliable equivalent width measurements for the sodium doublet.
Ages
Ages are extremely difficult to measure for low-mass mainsequence stars. While the ages of more massive solartype stars can be constrained using chromospheric activity indicators (e.g. Soderblom et al. 1991) , isochrone fitting (Serenelli et al. 2013) or gyrochronology (Barnes 2010) , the situation is more complicated for M dwarfs and most reliable measurements come from low-mass stars in clusters. Given that the radius of a low-mass star can change as much as 5 per cent between 1 and 10 Gyr (Baraffe et al. 2015) , it is important to compare our measured radii with theoretical models of the right age. Fortunately, the white dwarf companions to our M dwarfs can be used to constrain the ages of our stars.
Since the white dwarf parameters are known to high precision, their cooling ages can be calculated to a few per cent. Normally an initial-to-final mass relationship is then used to estimate the mass of the progenitor star of the white dwarf (e.g. Catalán et al. 2008 ) and determine the main-sequence lifetime and therefore establish the total age of the object. However, in the case of close binary systems such as those presented here, this approach is not appropriate because the evolution of the white dwarf progenitor was truncated by its low-mass companion (due to a common envelope phase) and hence an initial-to-final mass relation would under-predict the progenitor mass and over-predict the total age. For these kinds of objects it is necessary to properly reconstruct the evolutionary history of each system, which we did following the algorithm described in detail by Zorotovic et al. (2011, section 3.2) . For a proper estimation of the errors, we have randomly generated a Gaussian distribution for the white dwarf masses for each system, centred on the observed mass and with a standard deviation that corresponds to the measured error, as listed in Parsons et al. (2017) . We have then computed the cooling ages and periods just after the common envelope phase for the 1000 masses for each system assuming disrupted magnetic braking (Rappaport et al. 1983 ). These parameters were used to reconstruct their evolutionary histories assuming a common envelope efficiency in the range of 0.2-0.3 and no contributions from recombination energy. The derived total age of each system is listed in Table 2 , corresponding to the median of all the possible solutions for each system, while the errors represent the 34 Figure 4 . Mass-radius plot for low-mass stars (with mass and radius uncertainties of less than 10 per cent). The type of system that the measurement came from is indicated by the different colours and symbols and all are detailed in either Table 2 (red points) or the Appendix (all other points). Also shown are the theoretical mass-radius tracks from Baraffe et al. (2003 Baraffe et al. ( , 2015 .
percentile regions on each side of the median. We have also verified that the errors in the effective temperatures of the white dwarfs are negligible compared to the effect of the errors on the masses. Table 2 lists all of our measurements as well as those of other M dwarfs in eclipsing binaries with white dwarfs. The masses and radii of these objects are shown in Figure 4 along with other precise mass-radius measurements collected from other sources (these are detailed in the Appendix). Both Figure 3 and Figure 4 show large amounts of scatter in the measured radii of low-mass stars relative to theoretical predictions. In some cases the measured radii are consistent with models, while in others the radii are more than 10 per cent larger than expected. For example, the white dwarf plus M dwarf binaries CSS 21357 and SDSS J1123−1155 have M dwarfs with essentially identical masses (0.289 ± 0.011 M ⊙ and 0.288 ± 0.009 M ⊙ ) but their radii differ from each other by 9 per cent, with CSS 21357 having a radius consistent with models while SDSS J1123−1155 is substantially oversized. This trend has been seen before, for example the eclipsing binary PTFEB132.707+19.810 contains two lowmass stars, one of which has a radius consistent with evolutionary models, while the other is 20 per cent larger than expected (Kraus et al. 2017 ).
COMPARISON TO THEORETICAL MODELS
The mass-radius relation
On average our measured radii are 6.2 per cent larger than predicted, although the scatter on this value is substantial (4.8 per cent), indicating that this is not a systematic offset. This over-inflation is seen in both partially convective stars (4.0 ± 2.5 per cent oversized) and fully convective stars (7.1±5.1 per cent oversized). Given that all of our stars are tidally locked in short period (P orb < 1 d) binaries it is clear that this over-inflation cannot be solely due to rapid rotation and enhanced magnetic activity. Taking all of the measurements shown in Figure 4 (i.e. all the values listed in Table 2 and the Appendix) gives an average over-inflation of 5 per cent for both partially and fully convective stars, but with a scatter of 5 per cent and little difference between the different types of system. No clear difference is seen between the measured radii of M dwarfs from different sources, confirming that the structure of M dwarfs in close binaries with white dwarfs is not affected by common envelope evolution. Figure 5 . Mass-effective temperature plot for low-mass stars. The type of system that the measurement came from is indicated by the different colours and symbols and all are detailed in either Table 2 or the Appendix. Also shown are the theoretical tracks from Baraffe et al. (2003 Baraffe et al. ( , 2015 for an age of 1 Gyr. Figure 5 shows the measured temperatures of our M dwarfs as a function of mass. Our systems mostly populate the low temperature end of the plot, which is a region with few previous measurements. Interestingly, our temperature measurements for the very low-mass stars (<0.2 M ⊙ ) are in agreement with theoretical predictions. The stars more massive than this are all cooler than predicted by 100-200 K, a trend seen in many stars in this mass regime (López-Morales 2007). On average, fully convective stars are only 50 K cooler than expected, while partially convective stars are 150 K cooler than theoretical models predict, however, there is not a clear boundary between the two at 0.35 M ⊙ , rather the agreement with theoretical models becomes better at lower masses. This behaviour is expected since the luminosity of fully convective stars is set by the conditions in their very outermost layers (Sirotkin & Kim 2010) and therefore their effective temperatures should change little on expansion, as opposed to partially convective stars. 5 per cent of systems are significant outliers with temperatures more than ∼500 K hotter or cooler than models predict. It is unclear why the temperatures of these specific objects are so discrepant, although we note that the majority of these highly discrepant measurements are from single-lined systems. Figure 6 shows the spectral type-T eff relation using the stars in the sample with spectral type and temperature measurements listed in Table 2 and the Appendix. Our new measurements show excellent agreement with the empirical relation of Pecaut & Mamajek (2013) (which uses single stars), with all our measurements consistent to within 2 sigma.
The mass-T eff relation
The spectral type-T eff relation
The mass-M K s relation
We determined the absolute K s band magnitudes of the M dwarfs in our binaries using their 2MASS measurements (or UKIDSS for the fainter objects) and parallaxes from Gaia data release 2 (Gaia Collaboration et al. 2018) , and list them in Table 2 . Two of our binaries lack reliable Gaia parallaxes (CSS 080502 and SDSS J2235+1428), while one target has no near-infrared magnitude measurements (CSS 09704), Figure 6 . The spectral type-T eff relation for M dwarfs. The type of system that the measurement came from is indicated by the different colours and symbols and all are detailed in Table 2 or the Appendix. The grey line is the observed relation from Pecaut & Mamajek (2013) . so we exclude these three targets from our subsequent analysis. The remaining targets all have high precision Gaia parallaxes (parallax/error>10), so their distances can be determined by simple parallax inversion without significant loss of accuracy ) and hence absolute K s band magnitudes can be derived. We used these values and the empirical mass-M K s relationship from Mann et al. (2018) to estimate the masses of our M dwarfs 2 and compared these to our measured values. Figure 7 shows the difference between the measured and predicted values for the M dwarfs in our binaries as well as the single stars listed in the Appendix. We do not include M dwarfs in either doubleor single-lined binaries since measuring the K s magnitude for the M dwarf alone is difficult in these binaries due to contamination from their companion stars. This is one of the advantages of using white dwarf-M dwarf binaries since in the majority of cases the M dwarf completely dominates the flux in the K s band. However, this is not always the case; in systems with very low mass M dwarfs and/or extremely hot white dwarfs a significant amount of the K s band flux originates from the white dwarf. We have highlighted these systems in Figure 7 and the predicted masses of these objects has clearly been overestimated -these points should be disregarded when comparing values in Figure 7 . In-eclipse K s band measurements would remove this issue since the white dwarf contribution would be obscured.
The mass-luminosity relationship systematically under predicts our measured masses by 5-10 per cent. Single stars are more consistent, although their masses are also slightly under predicted (albeit with larger mass errors). This may be due to the enhanced number of star spots on M dwarfs in our close binaries, which would lead to slightly fainter stars and therefore an under prediction of their masses, although this should not be a large effect in the K s band.
The effect of age
The radii of low-mass stars change slowly over time, most notably in the first billion years as they evolve on to the mainsequence. Once on the main-sequence however, the radii of M dwarfs barely change over a Hubble time. While these evolutionary effects are taken into account in theoretical models, the lack of reliable age measurements for M dwarfs has prevented any detailed investigation of the consistency of these Figure 9 . The over-inflation of M dwarfs as a function of their metallicity. Radii were compared to solar metallicity models from Baraffe et al. (2015) . models over a wide range of ages. A difference in the measured over-inflation of young and old M dwarfs could help reveal why evolutionary models consistently under-predict the radii of low-mass stars. Figure 8 shows the over-inflation of M dwarfs as a function of their total age (where the over-inflation is measured using the nearest model in age). The white dwarf plus M dwarf binaries clearly cover a wide age range. However, there is no clear indication of more or less over-inflation as a function of age. More objects with reliable age measurements, particularly old objects (>7 Gyr) will be needed to test this more robustly.
The effect of metallicity
Metallicity is expected to have a small but noticeable impact on the radius of a low-mass star. Lower metallicities lead to decreased opacity of the outer layers of the star and hence decreased radiation pressure, resulting in a smaller star (e.g. Chabrier & Baraffe 1997) . For example, for the theoretical models of Dotter et al. (2008) , the difference in radius between a 0.2 M ⊙ star with [Fe/H]=-1.0 and [Fe/H]=+0.5 is 9 per cent, which is detectable given our precision. Figure 9 shows the over-inflation of M dwarfs as a function of their metallicity. There is no clear evidence of metal-poor stars being smaller or metal-rich stars being larger in this plot. However, the vast majority of objects plotted in Figure 9 have roughly solar metallicity and the extremes of metallicity are poorly sampled. For the white dwarf plus M dwarf systems this is primarily because we determined the metallicities using the semi-empirical method of Newton et al. (2014) , which is only valid between -0.6<[Fe/H]<0.3. Its also worth noting that there has been some criticism of metallicity calibrators based on the spectral analysis of M dwarfs (e.g. Lindgren & Heiter 2017 ), so Figure 9 should be interpreted with some caution. Figure 10 . The over-inflation of M dwarfs as a function of their orbital period. Note that many stars in systems with periods longer than a few days are not synchronously rotating (usually rotating slower than the binary period) and generally have moderately eccentric orbits.
The effect of rotation
The effects of rotation on the radii of low mass stars was investigated in detail by Kraus et al. (2011) , who found that M dwarfs in short period binaries (P orb < 1 d) were more oversized than those in longer period systems. This is consistent with the theory that rapid rotation leads to enhanced magnetic activity which inhibits convection leading to inflation.
In Figure 10 we plot the over-inflation as a function of orbital period. Our new systems all occupy the very shortest period end, extending precision measurements to the shortest periods measured to date. While we expect the M stars in our binaries to be tidally locked to the white dwarf and hence have rotation periods equal to the orbital periods, that is not the case for many other types of binary, particularly those with periods longer than a few days. In these cases the stars generally rotate slower than the orbital period. Furthermore, our new binaries all have very circular orbits (for example the eccentricity of NN Ser has been constrained to e < 10 −3 , Parsons et al. 2014) , but many of the longer period main-sequence binaries have substantial eccentricities. These are listed in the Appendix.
In contrast to the results of Kraus et al. (2011) , Figure 10 shows little difference in the over-inflation of low-mass stars rotating faster or slower than 1 day, although in both cases there is substantial scatter in the radii. However, at periods longer than roughly 5 days the measured radii do appear to be more consistent with theoretical predictions although they show a similar amount of scatter.
CONCLUSIONS
We have presented high-precision mass, radius, effective temperature and age measurements for 23 M dwarfs in eclipsing binaries with white dwarfs, 16 of which are new results. We have also determined the metallicities for 13 of these objects. On average the radii of these stars are 6.2± 4.8 per cent larger than theoretical models predict, although they show a large amount of scatter, and around a quarter of them have measured radii consistent with models. No difference is seen between partially and fully convective stars. The fact that all of these stars are rapid rotators means that enhanced activity leading to the suppression of convection cannot be the only cause of the discrepancy in the radii of low-mass stars.
We find that the measured temperatures of very lowmass M dwarfs (< 0.2 M ⊙ ) are in agreement with theoretical models, but more massive stars are systematically cooler than models predict by ∼100 K.
Finally, we find no clear trend in the over-inflation of M dwarfs as a function of age or metallicity, but do find that M dwarfs rotating slower than ∼5 days have on average radii more consistent with models, although there is a similar amount of scatter compared to more rapidly rotating M dwarfs.
The results presented in this paper demonstrate the difficulty in determining reliable parameters for low mass stars and by extension any planets that they may host. The use of theoretical or empirical relations may still lead to errors of 5-10 per cent in the radii of exoplanets around M dwarfs, generally insufficient to constrain their internal structure and bulk composition. Table A1 . M dwarfs with well constrained physical parameters. e is the eccentricity of the orbit. References: (1) Birkby et al. (2012) , (2) 
